Climate changes induced by global warming are a worldwide concern. In some regions, the risk of serious floods is expected to increase under a changing climate during the 21st century. This study examined the potential impacts of climate change in the Chao Phraya River Basin (CPRB), Thailand, using the MRI-AGCM3.1 and 3.2 datasets, developed by the Meteorological Research Institute (MRI) of the Japan Meteorological Agency, as inputs to a watershed hydrologic model. The results indicated that future river discharges will increase owing to increased rainfall in the upper mountainous region and in the Nan, Yom, and Wang river basins. Furthermore, a significant increase in annual inflow to the Bhumibol reservoir was projected in the late 21st century, whereas drought conditions may occur in the Pasak River Basin in the future.
INTRODUCTION
Between June and October 2011, five tropical storms and three strong low-pressure systems caused historic levels of flooding and the worst flood damage recorded in Thailand. In the Chao Phraya River basin (CPRB), more than 800 people were killed during the floods of 2011, and total losses were estimated at 1.36 trillion baht 1) . A serious flood risk exists in the CPRB, and it is expected that conditions will become worse in a changing climate during the 21st century 2), 3), 4) . It is thus important to examine possible future changes in the CPRB and its hydrological cycle and to quantify these effects so that we might better mitigate future flooding events.
Analyzing the impact of future climate change on the hydrological cycle is difficult because of the disparity in scales between the outputs of general circulation models (GCMs) and the spatial resolution required by sub-basin-scale hydrologic models. In order to overcome this problem, downscaling methods or super-high-resolution atmospheric GCMs have been used to study climate change impacts at the sub-basin scale 2),3),4), 5) . The 20-km-resolution AGCM developed by the Meteorological Research Institute (MRI) of the Japan Meteorological Agency (MRI-AGCM20 6) ) has been used in several previous sub-basin-scale studies because of its super-high spatial resolution. Hunukumbura and Tachikawa 2) used MRI-AGCM 3.1 output data as inputs to a distributed flow routing model based on a kinematic wave flow model of the CPRB. Kure and Tebakari 3) also used MRI-AGCM3.1 and 3.2 output data as inputs to a watershed hydrologic model of the CPRB. These studies showed changes in river discharge and concluded that future flood risk was likely to increase in the CPRB. In addition, these studies demonstrated the importance of discharge simulations with high spatial resolution. Ogata et al. 4) used a global daily meteorological dataset (the H08 dataset of Hirabayashi et al. 7) ) to statistically downscale several GCM datasets, and future river discharge patterns in the upper CPRB were then projected by forcing a distributed hydrologic model using three modified GCMs. The simulation results suggested that the mean highest peak discharge is likely to increase within the next three decades.
As such, it is expected that the flood risk in the CPRB will become worse in the 21st century with changes in climate. This paper extends the analysis of Kure and Tebakari 3) . Kure and Tebakari 3) conducted a flood frequency analysis and found increases in annual maximum daily flow toward the end of the 21st century at Nakhon Sawan and points upstream of the Bhumibol dam in the CPRB. In this study, the spatial distributions of projected runoff and river flows in the response to climate change in the CPRB were investigated to identify sub-basins that are vulnerable to climate change. The hydrologic regime and seasonal (dry and wet periods) flow changes were also analyzed at several evaluation points.
STUDY AREA AND METHODOLOGY
The CPRB ( Fig. 1) , located in the heart of Thailand, is the largest river basin in the country, covering 157,925 km 2 . In this study the upstream points of the Bhumibol and Sirikit dams in the Ping (36,018 km 2 ) and Nan (34,557 km 2 ) river basins, the outlet points of the Wang (11,708  km 2 ), Yom (24,720 km 2 ), and Pasak (14,300 km 2 ) river basins, and Nakhon Sawan (C.2) were selected as flow evaluation points.
The MRI-AGCM20 was used to analyze the future hydrologic impacts of regional climate change in the CPRB. The MRI-AGCM20 provides outputs for present 3) , a bias correction was first applied to the MRI-AGCM3.1 and 3.2 outputs, and the bias-corrected rainfall data were then used as the input to a watershed hydrologic model. The details of the bias correction and validation results were discussed and presented previously by Kure and Tebakari 3) . For the watershed hydrologic simulation the Nedbor-Afstromnings model 9) was used, having been successfully implemented and calibrated in previous studies (e.g., Tebakari et al. 10) ). The model simulates runoff processes by continuously accounting for the moisture content in four different and mutually interrelated storages that represent different physical elements of the catchment. These are: 1) snow storage, 2) surface storage, 3) lower or root zone storage, and 4) groundwater storage. The CPRB was subdivided into 58 sub-basins (417-18,070 km 2 ) as model computational units. The simulated runoffs from the sub-basins were then routed by the unsteady flow simulation model (Saint Venant equations).
Owing to data limitations, we adopted the Blaney-Criddle method 11) , which requires only daily mean air temperature as climate data, to compute potential evapotranspiration (PET). Evapotranspiration rates used in the watershed hydrologic model for PET at each sub-basin during each month were determined by trial and error based on observed discharge data during the model calibration process. The bias-corrected rainfall data and PET data were then used as inputs to the model. Figure 2 shows the mean monthly basin-averaged actual evapotranspiration (AET) and the evapotranspiration ratio (AET/PET) in the CPRB during the present, near future, and late future periods. AET values were computed by the model based on the computed soil moisture contents and input evapotranspiration data. As shown in Fig. 2 , the AET is projected to increase slightly in the future during the wet period due to increases air temperature and rainfall.
It should be noted that we did not consider the gate operations of dam reservoirs in the model because of a lack of available information. Thus, the hydrologic simulation was made by assuming that only natural flows contribute to the estimated discharge flows in the basin. Our aim in this study was to compare results for the present and future periods without including the effects of dam operations.
Detailed descriptions of the study area, model structures, and model calibration and validation processes were given by Tebakari et al. 10) .
SPATIAL DISTRIBUTION OF RAINFALL AND RUNOFF
The bias-corrected rainfall and air temperature projections from MRI-AGCM3.1 and 3.2 were analyzed and used as input variables for our watershed hydrologic model. In these figures bias-corrected rainfall data were used. As shown in Fig. 3 , the mean six-month rainfall during the dry period is projected to decrease in many sub-basins, especially in the near future. However, the mean six-month rainfall during the wet period is projected to increase in many sub-basins. Figure 4 shows the change in mean six-month runoff between the present and near future and late future for each sub-basin in the CPRB during the wet and dry periods. Runoff data in Fig. 4 were simulated by the hydrologic model. The mean six-month runoff during the dry period is projected to decrease in many sub-basins, especially in the near future. However, Ver. 3.2 shows an increase in the mean six-month runoff in the late future, except in the Nan River and upper Pasak River basins. In the wet period, an increase in the six-month runoff is projected for many sub-basins, except in the near future when using ver. simulation results imply an increase in rainfall and runoff during the wet period in the near and late future and a decrease in rainfall and runoff during the dry period in the near future. Figure 5 shows the change in the 50-year annual maximum daily runoff between the present, near future, and late future periods at each sub-basin in the study area.
Note that we did not use a probability distribution function in order to determine the 50-year annual maximum daily runoff. In this study the annual maximum daily runoff corresponding to each return period was determined by the Hazen plotting position with a linear interpolation between adjacent plotting-position values in the ranked data set, using 50-year river runoff projection simulations (i.e., 50 data points for each period) from two realizations (ver. 3.1 and ver. 3.2) during the 25-year period. These runoff projections were simulated by the hydrologic model. We assumed that the simulated runoff projections of ver. 3.1 and ver. 3.2 were generated from the same statistical population because a Student's t-test and an f-test indicated that there were no significant differences (at the 5% level) in monthly runoff and flows in many sub-basins and evaluation points between ver. 3.1 and ver. 3.2. These two realizations were therefore combined to determine the 50-year annual maximum flow. Figure 5 shows that the 50-year annual maximum daily runoff will increase in many sub-basins in the late future. The projected increase in the 50-year runoff is particularly clear in the upper mountainous region in the near future and at the Nan, Yom, and Wang river basins in the late future. However, the 50-year annual maximum daily runoff is projected to decrease in the Ping and Pasak River basins in the near and late future. Figure 6 shows the evolution of mean monthly flows (ensemble averages of the two realizations from ver. 3.1 and 3.2) in the present, near future, and late future with 95% confidence intervals around the present flows at the upstream points of the Bhumibol and Sirikit dams in the Ping and Nan river basins, the outlet points of the Wang, Yom, and Pasak river basins, and Nakhon Sawan (C.2). Changes in the hydrologic regime (time shifts in flow) at the target points are not apparent in this figure. However, we can infer that high-flow months will increase in the future at Nakhon Sawan, the Bhumibol dam, and the Wang and Yom river basins, where future rainfall is projected to increase. These basins are located on the western side of the CPRB. In contrast, no flow increase is projected at the Sirikit dam or in the Pasak River basin, which are located on the eastern side of the CPRB. These clear differences between the western side (Ping, Yom, and Wang) and eastern side (Nan and Pasak) basins suggest that different approaches and scenarios for water resource management and flood mitigation planning may be required for the two areas in the future. Table 1 lists the mean annual and six-month (dry and wet periods) flow volume at the target points. Significant increases at the 5% and 10% levels in mean flow volume during the wet period were apparent when using both MRI-AGCM3.1 and 3.2 at Nakhon Sawan, Bhumibol dam, and the Wang and Yom river basins in the late future. However, decreases in mean flow volume were detected at the Sirikit dam and Pasak River basin. Significant decreases at the 10% level at the Pasak River basin during the dry period in the near future were apparent when using MRI-AGCM3.1. This result suggests that a drought situation is possible in the Pasak River basin in the near future. . The mean accumulated inflow for the late future period will reach current annual accumulated inflow approximately two months earlier than the mean accumulated inflow in the present period. This result implies that more rational and sophisticated gate operations of the Bhumibol dam might be required to mitigate extreme future flooding and high-flow discharge events, such as those that occurred in the summer of 2011.
RESPONSE OF RIVER FLOW TO CLIMATE CHANGE

SUMMARY AND CONCLUSIONS
This study analyzed hydrological responses to climate change in the CPRB using a watershed hydrologic model with bias-corrected MRI-AGCM 3.1 and 3.2 projections.
The mean six-month runoff from sub-basins in the study area during the dry period is projected to decrease for many sub-basins, especially in the near future. In contrast, for many sub-basins, increases in six-month runoff during the wet period are projected. These simulations imply an increase in rainfall and runoff during the wet period in the near and late future and a decrease in rainfall and runoff during the dry period in the near future. Drought is possible in the Pasak River basin in the near future. Furthermore, the 50-year annual maximum daily runoff is projected to increase in many sub-basins. Particularly clear increase in the 50-year runoff is projected in the upper mountainous region in the near future and at the Nan, Yom, and Wang river basins in the late future.
Notably, increases in runoff and flows are projected in the basins (Ping, Yom, and Wang) on the western side of the CPRB, whereas in the basins (Nan and Pasak) on the eastern side decreases in runoff and flows are projected. These spatial characteristics of the future hydrologic response of flow to climate change suggest that different approaches and scenarios for water resource management and flood mitigation planning for the two regions (eastern and western basins) are appropriate. Furthermore, a significant increase in . Hunukumbura and Tachikawa 2) used MRI-AGCM3.1 and projected an increase in flood risk in the small north-central and southwestern tributaries in the CPRB. In this study, a future increase in flood risk was identified in the upper mountainous region, although the small southwestern tributaries discussed by Hunukumbura and Tachikawa 2) are located outside our target area. Hunukumbura and Tachikawa 2) also projected a significant decrease in discharge in the Pasak River basin in the CPRB. In this study, MRI-AGCM3.1 generated a significant decrease in discharge in the Pasak River basin during the dry period. However, MRI-AGCM3.2 generated an increase in river flow discharge in the Pasak River basin in the near and late future, although these increases were not statistically significant. This implies that future studies should include other high-and low-emission scenarios and different AGCMs to provide a fuller range of possible outcomes.
As future research, we plan more detailed analysis of drought in the Pasak River basin, considering irrigation demand. In this study, a conceptual evapotranspiration (ET) calculation (the Blaney-Criddle method) was employed and only daily mean air temperature data were used to simulate PET. To precisely analyze future drought conditions in the CPRB under a changing climate, a physically based ET calculation method may be required because, in addition to air temperature, atmospheric components such as shortwave and longwave radiation and wind speed may also vary and affect ET values. Furthermore, gate operations of dam reservoirs should be accounted for to develop a new regime for dam gate operation to mitigate extreme flooding and high-flow discharge events in the future.
